do not contribute to this response (in this study). Under to be due to the role of checkpoints in cell cycle regulathese conditions, we find that while mei-41 and okra tion. This is because mutants in the budding yeast gene mutants are highly sensitive to killing by ionizing radiarad9, the first checkpoint gene to be characterized, fail tion, p53 mutants show reduced but significant survival to arrest the cell cycle following damage and show inand grp mutants resemble wild-type. These results suggest that cell death is neither sufficient nor absolutely necessary, DNA repair is essential, and optimal cell cy-*Correspondence: tin.su@colorado.edu
Figure 1. BrdU Incorporation in Larval Brains
Larvae were irradiated with 0R (ϪRAD) or 1600R (ϩRAD) of X-rays and allowed to recover for 1.5 hr before brains were extirpated and labeled with BrdU for 10 min. brains. Therefore, we infer that irradiation led to inhibition of new S phase and/or slowing down of ongoing S The CNS and imaginal discs of the Drosophila larva, which are precursors of adult tissues, proliferate by miphase. This is consistent with published reports that intra-S checkpoints in yeast and mammalian cell culture totic division during larval growth, while cells in the rest of the larva endoreplicate. In the CNS and eye imaginal slow down S phase but do not completely block it [19, 20] . In contrast to wild-type, brains from mei-41 and grp discs of third instar larvae, cells undergo S phase in a stereotypical pattern ( Figures 1A-1C show incorporahomozygous mutant larvae (hereafter to be called mei-41 and grp larvae respectively; genotypes in Experimental tion of a nucleotide analog, BrdU, in brain lobes). We find that brain lobes from irradiated larvae incorporate Procedures) maintain robust BrdU incorporation after irradiation (Figures 1B and 1C ; quantified in Figure 1D ). Studless BrdU than unirradiated controls, as detected by indirect immunofluoresence. The reduction in BrdU inies from yeast and mammalian cells have implicated ATM/ATR homologs in an intra-S checkpoint [21] , and corporation is seen as early as 1 hr after irradiation (1.5 hr time point is shown in Figure 1A) . Estimates for the recent evidence from mammalian cell culture has implicated Chk1 in this checkpoint [22] . The requirement for duration of S phase in third instar larvae range from Ͻ55 min in neuroblasts of the ventral nerve cord and 4.4 hr mei-41 and grp in blocking mitosis after DNA damage in Drosophila larvae has been reported [10, 15] . Taken in wing imaginal disc in D. melanogaster to 11.9 hr in 
Maintenance of Cell Proliferation after Irradiation
after irradiation when second mitotic waves are compared (Figures 3A and 3B, arrowheads). Closer examinaDespite the death of a significant portion of cells in irradiated discs, both disc size and morphology remain tion revealed that the number of mitotic cells increased in both the peripodial and the columnar layers (data not well preserved in wild-type larvae ( Figures 3G and 3H) . In a previous study, quantification of mitotic index after shown; only the columnar layer contributes to the adult eye). The burst of mitoses seen in wild-type eye discs irradiation suggested that this preservation is due to increased cell proliferation that may compensate for is in agreement with previous results from irradiated Drosophila wing discs in which mitotic index was found dead cells [26] . Here, we determine if cell proliferation and tissue preservation after irradiation requires compoto increase above unirradiated controls after an initial checkpoint mediated decrease [26] . nents of the DNA damage checkpoint.
In control eye discs, asynchronous mitoses occur As stated above, grp mutants are defective in blocking mitosis after irradiation; as such, the mitotic index did among undifferentiated cells anterior to the morphogenetic furrow (MF); this region is referred to as the "first not decrease to wild-type levels. At all times examined in our experiments, up to 24 hr after irradiation, the mitotic wave"( [28] ; brackets in Figures 3A-3E ). In addition, a second, more-confined region of mitoses is seen mitotic index remained similar in irradiated and unirradiated grp discs ( Figures 3C and 3D ). That is, we have immediately posterior to the MF, corresponding to the "second mitotic wave" (arrowheads in Figures 3A-3E) . In not been able to detect a burst of mitoses in grp mutants, which nonetheless maintained organ size and morpholwild-type larvae, the number of mitotic cells decreased after irradiation, with maximal decrease seen at ‫2ف‬ hr ogy and therefore must be replacing dead cells. Possibly, the timing of compensatory mitoses in grp mutants after irradiation, then recovered to control levels at ‫6ف‬ hr after irradiation ([10, 15]; our unpublished data). At is more heterogeneous. Importantly, grp mutants are able to sustain cell proliferation in an organized manner, longer times after irradiation, we find that mitotic index increased further. This is most apparent at about 24 hr i.e., undergo mitoses in two waves, after irradiation; Figure 3J ), especially in comparison to discs at shorter mitotic waves are no longer discernable at 24 hr after riation for even longer periods than wild-type and grp mutants. For instance, as of day two when most of the irradiated wild-type and grp larvae had formed pupae, only about 40% of irradiated mei-41 larvae had pupariated. We infer that continued cell proliferation (in wild-type and grp mutants) and smaller disc size and continued proliferation (in mei-41 mutants) contribute to delay pupariation after irradiation, apparently by mei-41-independent or grp-independent mechanisms.
Repair Mutants Have Intact Cell Cycle and Cell Death Responses but Are Radiation Sensitive
We document new mei-41-dependent responses to ion- (HR) of double-strand breaks (DSB) [14] .
We find that irradiated okra mutants (genotype in Experimental Procedures) regulate both S and M phases times after irradiation ( Figures 2F, 5D , and 5H). We infer ( Figure 5A-5D ) and undergo cell death ( Figure 5H ) as that mei-41 larvae are unable to effectively replace cells well as wild-type. Nonetheless, radiation sensitivity of lost to death following irradiation, resulting in degeneraokra mutants is closer to that of mei-41 mutants than tion of discs. Thus mei-41, but not grp, is required to wild-type and grp mutants (Table 1) . okra mutants are preserve organ size and tissue morphology, as defined also similar to mei-41 mutants with respect to the followby the presence of a MF, after irradiation.
ing phenotypes: the extent of delay of pupariation (Figure 5G) , degeneration of discs ( Figures 5E and 5F ), and Irradiation Delays the Onset of Pupariation the inability to maintain organized cell proliferation (FigExperiments so far have been on early to mid third instar ure 5E). In other words, mutational loss of efficient DSB larvae, during the "feeding" stage. Next, larvae leave repair reproduces all aspects of the mei-41 phenotype the food to crawl up the side of the container (the "wanexcept for cell cycle regulation. dering" stage). This is followed by pupariation. The larWe see a small but significant difference in radiation val-pupal transition is under hormonal control [29] and sensitivity between okra and mei-41 mutants. There are is believed to be sensitive to the extent of imaginal cell three possible reasons. First, okra mutants may have proliferation. For instance, mutations in a DNA replicaresidual okra activity, either because deposits from hettion factor, MCM2, slow down cell proliferation such erozygous mothers persist or because the putative null that larval discs and brains are smaller in mcm2 mutants allele of okra is not a true null. Second, radiation sensitivthan in wild-type of similar age [30, 31] ; mcm2 mutants ity of mei-41 mutants may consist of a contribution by delay the onset of pupariation (P.H. O'Farrell, personal defective cell cycle regulation even though the latter is communication). In another example, mutants in which not absolutely required for survival. Finally, DSB may cell proliferation continues unabated beyond normal levbe repaired by HR, a process requiring okra, or by nonels (e.g., discs large) not only have larger than normal homologous end joining, and mei-41 may be needed for discs, but also delay the onset of pupariation [32] . Thus, both while okra is needed for HR only. either continued cell proliferation (in dlg and mcm2 mutants) or reduced disc size (in mcm2 mutants) can delay the onset of pupariation, although the exact nature of Chromosome Breakage in mei-41 and okra Mutants the link remains unclear.
If irradiation was inducing cell death and cell proliferaThe similarity between radiation sensitivities of mei-41 and okra larvae suggests that DNA repair is the key tion was being sustained to compensate for lost cells, we may expect to see a delay of pupariation. Indeed, determinant for survival. If so, we would predict that grp mutants that are resistant to radiation under our irradiation delays pupariation in wild-type larvae in a dose-dependent manner (Figure 4A ), in agreement with experimental conditions are able to repair DNA. One standard measure of DSB is the presence of breaks in previous observations [26] . Since such a developmental delay is a novel response to irradiation, we addressed metaphase chromosomes from squashed larval neuroblasts (e.g., [10] ). In samples from mei-41 and okra larthe requirement for DNA damage checkpoint components. grp mutants exposed to 2000R of X-rays also vae, which are known to be defective for repair of DSB, irradiation produced broken chromosomes in approxidelay pupariation with wild-type kinetics ( Figure 4B ). This is consistent with the detection of sustained mitomately 46% and 37% of metaphase cells respectively at 3 hr after irradiation ( Figures 5I and 5J , and Table 1 ). ses in irradiated grp mutants. Interestingly, mei-41 mutants irradiated with 2000R of X-rays also delay pupa-
The corresponding numbers are ‫%6ف‬ in wild-type and ‫%8ف‬ in grp mutants. At the low doses typically used in larvae. Despite an extensive loss of cells to radiationthese assays (220R here), mitotic indices do not differ induced cell death, organ size and morphology are mainsignificantly between irradiated and unirradiated samtained remarkably well, and larvae survive to produce ples (Table 1, bottom) . Therefore, lower break frequenviable adults. Much to our surprise, optimal cell cycle cies in grp mutants cannot be explained by arrest of regulation by checkpoints is neither necessary (as in cells in G2, which might have reduced the frequency of grp mutants) nor sufficient (as in okra mutants) to ensure mitotic cells with broken chromosomes. We conclude organ homeostasis and organismal survival. p53-depenthat grp mutants are as capable as wild-type in the dent cell death is also largely dispensable in this regard. removal of X-ray-induced DSB.
Instead, DNA repair appears to be of paramount importance as might be expected.
Discussion
In mitotically proliferating cells of Drosophila larval imaginal discs and brains, the first responses to sublethal doses of irradiation (1000-4000R) are delays in cell We examined the effects of DNA damage by ionizing radiation on the maintenance and survival of Drosophila cycle progression at 1-2 hr after irradiation (this study;
[10]), followed by the induction of cell death at 4 hr after irradiation ([33]; this study). DNA synthesis resumes at ‫5ف‬ hr after irradiation (our unpublished data), while mitotic index resumes at ‫6ف‬ hr after [10, 15] . These relatively early responses are followed by an increase in proliferation that is detectable about a day after irradiation. Presumably, abundant cell death removes damaged cells, but sustained proliferation compensates to maintain proper organ size and morphology. Continued cell proliferation, we propose, delays the onset of the next major developmental transition, pupariation. The extent of delay correlates with radiation dose, presumably because more cells are lost at higher doses [26] , requiring more compensatory proliferation. Another response we monitored is DNA repair, a substantial portion of which must occur within 3 hr after 220R of irradiation because we see a significant difference in the incidence of chromosome breakage between wild-type and repair-deficient mutants by this time. However, cytologically visible chromosome breaks likely death is p53 dependent but independent of mei-41 or grp; this response is largely dispensable. mei-41 and okra are needed for DNA repair, which is essential for survival to adulthood. mei-41
Importance of Radiation Responses to Survival:
and okra act either in a common pathway to repair DNA or make independent contributions; only the latter is depicted.
DNA Repair Is Key
Having determined the sequence of responses to irradiation in wild-type larvae, we were able to document other responses among checkpoint responses, such as deviations from it in various mutants. mei-41 and grp the preservation of DNA replication intermediates, tranmutants are unable to dampen DNA synthesis after irrascriptional activation, and DNA repair [1]. Our data sugdiation. Previous work has shown that both mutants are gest that other responses may be more important in unable to inhibit mitosis after irradiation, although grp ensuring survival of multicellular organs and organisms. mutants appear to retain a partial activity in this regard Interestingly, results from budding yeast also question [10] . Thus, Drosophila ATR and Chk1 are needed for the idea that cell cycle regulation by checkpoints is optimal regulation of both S and M phases after expoessential for surviving genotoxins even at the cellular sure to ionizing radiation. Induction of cell death, on the level. For example, yeast Chk1 mutants show profoundly other hand, does not require mei-41 or grp. The most defective regulation of mitosis after irradiation and yet striking result we report is that grp mutants that are are only mildly radiation sensitive [35] . Another recent defective in regulation of both S and M phases are not study indicates that stabilization of replication forks is sensitive to killing by 2000R of X-rays, doses that readily crucial for surviving the alkylating agent MMS whereas killed mei-41 and okra mutants. This finding strongly the ability to inhibit mitosis is less important [43] . suggests that cell cycle regulation by checkpoints is not absolutely necessary for surviving irradiation under these conditions.
Relevance to Other Multicellular Systems
We emphasize that survival here refers to that of organs In determining what is necessary, the phenotype of okra mutants that can regulate both S and M phases and organisms. At the cellular level, cell cycle regulation by checkpoints may well be crucial to allow time for and promote cell death is particularly informative because they are radiation sensitive. Thus, DNA repair DNA repair and for survival. In grp mutants that are defective for cell cycle checkpoints but are proficient is essential, suggesting that it is this defect in mei-41 mutants that renders them radiation sensitive (modeled for DNA repair, cells that progressed through S and M phases with damaged DNA may have been subject to in Figure 6 ). We speculate that irradiated mei-41 and okra larvae may attempt to increase proliferation, but the cell death. Indeed, incidence of cell death appears higher in grp (and mei-41) mutants than in wild-type continual presence of unrepaired DNA likely channels these cells to death. This would lead to an eventual (our unpublished data). Loss of these cells, however, is clearly of little consequence to survival of imaginal discs decline in cell number, which would undermine maintenance of cellular differentiation that is the basis of the and larvae. This could be because grp mutants are able to repair DNA in cells that are not in S and M phases, MF. Signals from cells in the MF are thought be important for the generation of the second mitotic wave [34] .
i.e., those in G1 or G2. These cells may then proliferate to compensate for lost cells. Numerous studies on tissue Loss of the MF could then explain the absence of the expected pattern of mitoses in mei-41 and okra discs.
regeneration demonstrate the power of Drosophila larvae to restore not only cell number but also proper Traditionally, checkpoints refer to the regulation of the cell cycle. Recent views propose the inclusion of the differentiation. In such a system, the failure of cell cycle ment at 25ЊC. Wild-type pupae and heterozygous pupae (GFP positive) were treated identically. The number of adults that eclosed and the number of empty pupae cases were scored for up to 10 days Experimental Procedures after irradiation. Percent eclosion is the number of empty pupae cases expressed as percent of total pupae formed. All irradiated Fly Stocks larvae pupariated in these experiments. The A17-11 allele contains a G-to-A transition at the splice acceptor site of the second intron of the okra mRNA and at least another Measurement of Pupariation recessive lethal mutation on the same chromosome [37]. The mutaIrradiated and control larvae were allowed to recover at 25ЊC. Total tion in okra is a putative null due to undetectable mRNA levels. JS17 number of pupae were counted at different times after irradiation contains a second chromosome deletion, which uncovers the okra for up to 7 days. Homozygous mutant pupae were identified by the gene. A17-11 and JS17 are balanced over CyO and are crossed to lack of GFP. generate transheterozygous okra mutants, which were identified by the lack of GFP encoded by the balancer chromosome. mei-41
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Brain Squashes is produced by imprecise excision of a P element in the coding Brains were dissected in saline and processed exactly as published region present in the mei-41 RT was then used to quantify total signal in each image that is above Embryos were collected for 4 hr and aged at 25ЊC for 3 to 4 days the background level. to obtain third instar larvae. Larvae were irradiated using a TORREX X-ray generator, set at 115kV and 5 mA (producing 3.18 Rads/s). Acknowledgments 
